Sail aerodynamics: understanding pressure distributions on upwind sails by Viola, Ignazio Maria & Flay, Richard G. J.
  
 
 
 
Edinburgh Research Explorer 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sail aerodynamics: understanding pressure distributions on
upwind sails
Citation for published version:
Viola, IM & Flay, RGJ 2011, 'Sail aerodynamics: understanding pressure distributions on upwind sails'
Experimental Thermal and Fluid Science, vol. 35, no. 8, pp. 1497-1504. DOI:
10.1016/j.expthermflusci.2011.06.009
Digital Object Identifier (DOI):
10.1016/j.expthermflusci.2011.06.009
Link:
Link to publication record in Edinburgh Research Explorer
Document Version:
Peer reviewed version
Published In:
Experimental Thermal and Fluid Science
General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.
Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.
Download date: 05. Apr. 2019
Viola, I.M., Flay, R.G.J. 
Sail aerodynamics: Understanding pressure distributions on upwind sails 
Experimental Thermal and Fluid Science 35 (2011) 1497–1504 
doi:10.1016/j.expthermflusci.2011.06.009 
 
Abstract 
The pressure distributions on upwind sails is discussed and related to the flow field around the 
headsail and the mast/mainsail. Pressures measured on several horizontal sections of model-scale 
and full-scale sails are used to provide examples. On the leeward side of the sails, leading edge 
separation and turbulent reattachment occurs, sometimes followed by trailing edge separation. On 
the windward side, leading edge separation occurs on the mast/mainsail and, at low angles of attack, 
it can also occur on the headsail. Differences were found between the leading edge bubbles on the 
two sails. Pressure trends for different angles of attack are presented, and these can be explained in 
terms of standard aerodynamic theory, par- ticularly in terms of short and long leading edge 
separation bubble types. It was found that the pressure distributions measured on mainsails at full- 
and model-scale showed good agreement on both the wind- ward and leeward sides. 
 
Nautical Nomenclature 
Angle of attack (AoA) The angle between the sail chord and the apparent wind direction. 
Apparent and true wind The ‘apparent wind’ is the wind experienced by a sailing yacht 
andresults from the vector difference between the atmospheric boundary 
layer, namely the ‘true wind’, and the yacht velocity (Figure 1). The 
change in direction of the apparent wind velocity with the height is called 
the ‘twist’. 
Apparent wind angle (AWA)  The supplementary angle between the yacht velocity and the 
apparent wind velocity.  
Drive force Aerodynamic force component in the direction of the yacht velocity.  
Headsail and mainsail Sail set forward and behind the mast, respectively, in a yacht with a 
single mast. 
Slot Effect The effect of the gap between the sails on their performance. 
Upwash and downwash Deflection of the streamlines beyond the top of a sail, and behind a sail, 
respectively, due to the generation of lift. Also used to describe the 
deflection of streamlines upstream and downstream of a sail, 
respectively, due to the generation of lift. 
Upwind and downwind Directions of the yacht with respect to the true wind. A yacht sails 
upwind and downwind when the angle between her velocity and the true 
wind is lower and higher than 90º respectively.  
Windward and leeward Side of the sail facing the wind and hidden from the wind, respectively.  
Introduction 
Numerical fluid dynamic methods are widely used to investigate sail aerodynamics. Potential flow 
codes are normally used to investigate sail aerodynamics in upwind conditions, when a mainsail and 
a headsail are used and the flow is mainly attached. Conversely, Reynolds Averaged Navier-Stokes 
techniques, and more recently Large Eddy Simulations, are used to investigate sail aerodynamics in 
downwind conditions, where the effect of trailing edge separation is not negligible. Although 
numerical simulations are very effective in investigating sail aerodynamics, they always need to be 
carefully validated with physical experiments.  
Experimental measurements on sails are typically performed in wind tunnels. It is common practice 
to use flexible sails, which allow the sails to be trimmed. Aerodynamic forces are typically 
measured with a balance attached to the model. However, pressure measurements allow a more 
reliable validation of numerical simulations than force measurements. In fact, different pressure 
distributions can provide the same global aerodynamic forces. However, pressures are rarely 
measured. In fact, model-scale sails must be light and thin, which makes it difficult for pressure taps 
to be used. As far as is known to the present authors, pressure distributions on model-scale three-
dimensional headsails and mainsails in upwind sailing conditions have never been published. 
Conversely, pressure distributions on full-scale sails were measured the first time between 1915 and 
1921 (Warner and Ober, 1925) and much later by the present authors (Viola and Flay, 2010), and 
also by others, e.g. Puddu et al, 2006, and Gaves et al, 2008 . 
In the present paper, pressure distributions on upwind sails were measured in a wind tunnel on 
horizontal sections of rigid pressure-tapped sails. Aerodynamic forces were measured with a 6-
component balance placed below the model under the wind tunnel floor. The general pressure 
distributions on the headsail and the mainsail and the correlated flow fields are discussed. The 
pressure distributions are also compared with the recent full-scale tests performed by the present 
authors (Viola and Flay, 2010).  
 
 
Method 
The Yacht Research Unit (YRU) of the University of Auckland has developed an innovative 
pressure system capable of acquiring up to 512 channels at speeds up to 3,900_Hz on each channel. 
The transducers have a pressure range of ±450 Pa and a resolution of 9.25 mV/Pa. Although 
initially developed for laboratory use, it has been modified for use on the water. Additional details 
of the pressure system are provided in Viola and Flay (2010). The system was used to measure the 
pressures on model-scale rigid pressure-tapped sails, which were designed for the America’s Cup 
class ‘AC33’. A 1/15th-scale mainsail and headsail were built as fibreglass sandwich structures. The 
core was made of a 2 mm thick polypropylene plastic sheet, which had 3 mm wide core flutes. 
Pressures were carried along the sail in the core-flutes to the sail foot. Pressure tubes carried the 
pressure from the sail foot to the transducers, which were placed in the cockpit. The sails were 
perforated along 5 horizontal sections. On the 5 mainsail sections, 9, 11, 13 and 14 holes were used 
on the top to the bottom sections, respectively. On the 4 headsail sections, 7, 8, 11 and 15 holes 
were used on the top to the bottom sections, respectively. To measure the leeward side of the sail, 
tape was used to close the holes on the windward side, and vice versa. In order to correctly model 
the leading edge flow field, the sails were chamfered at about 20° on the windward side to produce 
a sharp leading edge. Additional details of the sail construction can be found in Fluck et al, (2010). 
The sails were fixed onto a model-scale yacht with a rigid mast, and were tested in the YRU Wind 
Tunnel (Figure 2). The wind tunnel is an open jet with a test section 7 m wide and 3.5 m high.  
Four different mainsail and headsail trims, four AWAs (16°, 20°, 24° and 28°), several heel angles 
(from 0° to 20°), and several twists of the onset flow were tested. The results presented and 
discussed in the paper are restricted to those measured in upright sailing conditions and with no 
twist in the onset flow.  
The reference static pressure p∞  was provided by the static tap of a Pitot-static tube, which was 
located approximately at the same height as the top of the mast and 6 h upstream of the model 
(where h = 2.3 m is the model height). The difference between the total pressure tap and the static 
tap of the same Pitot-static tube was used to measure the reference dynamic pressure q∞  = 32.5 Pa. 
The Reynolds number Re based on the average chord length c = 0.49 m was Re = 2.3 ⋅105 . The 
pressure measurement accuracy was estimated to be about ±0.5 Pa. 
The same pressure system was used to measure the pressure distributions on full-scale sails. 
Pressures from 30 and 33 pressure taps on the mainsail and headsail, respectively, of a Sparkman & 
Stephens 24-foot yacht (SS24) were measured. Several sail trims and apparent wind angles were 
tested. The reference static pressure p∞  was measured inside the yacht cabin. The dynamic pressure 
q∞  was measured with Pitot-static tubes fixed onto a pole attached to the stern of the yacht. More 
details can be found in (Viola and Flay, 2010). Subsequent analysis showed that the dynamic 
pressure measured at this location was about 20% higher than the estimated far-field dynamic 
pressure due to the influence of the yacht and sails on the pressure measuring system. In the present 
paper, the corrected dynamic pressure has been used. The full-scale Re based on the mean chord 
(1.5 m) and the mean apparent wind velocity (6 m/s) was Re = 6.1 ⋅105 . Figure 3 shows a schematic 
drawing of the AC33 and the SS24 sailplans.  
Both in the wind-tunnel tests and in the full-scale test, the pressure distributions showed the same 
qualitative trends with the AWA and the trim variations. The measured pressure trends can be 
explained in terms of conventional thin airfoil theory and the aerodynamic properties of separation 
bubbles. In the following, the measured pressure distributions on the sail sections are related to the 
angle of attack (AoA), which resulted from the sail trims and the AWAs (see Figure 1).  
 
 
Pressure Distributions on the Headsail 
 
Ideal AoA 
The maximum drive force was achieved when the headsail was trimmed at, or slightly higher than, 
the ‘ideal’ AoA, i.e. when the local flow is tangent to the sail at the leading edge (LE). The 
stagnation point is then located at the LE, where the pressure coefficient, defined as Cp = p − p∞( ) q∞ ,  
is Cp = 1.  
Figure 4 shows schematic diagrams of the anticipated streamlines around horizontal headsail 
sections trimmed at different AoAs. Cps plotted against the corresponding non-dimensional chords 
x/c are also shown. In particular, Figure 4B shows the streamlines around the headsail section 
trimmed at the ideal AoA. 
On cambered sails, at the ideal AoA, an attached boundary layer grows from the LE on both sides 
of the sail. The sail curvature leads to suction and pressure peaks on the leeward and windward 
sides respectively, related to the position of maximum camber. At the trailing edge (TE), Cp is 
about zero or is slightly negative. 
 
LE Separation Bubble 
At AoAs higher than the ideal AoA, on the leeward side, the flow separates due to the sharp LE. 
Laminar to turbulent transition occurs on the separated shear layer and reattachment occurs. The 
resulting closed streamline flow pattern is called a ‘LE separation bubble’.  
There are two types of LE separation bubbles: short bubbles, which typically occur on rounded-
nose conventional airfoils, and long bubbles, which typically occur on thin airfoils. The first bubble 
type affects the performance of airfoils and it is of particular interest in aeronautical applications. 
Laminar to turbulent transition occurs in the downstreammost part of the bubble, and the reverse 
flow velocity inside the bubble is typically less than 20% of the free-stream velocity (Gault, 1957). 
Figure 5 shows a schematic diagram, which was drawn by Alam and Sandham (2000), of the short 
LE bubble structure described by Horton (1968). 
The second LE bubble type became of interest in the 1950s, when high-speed aircraft adopted thin 
airfoils to decrease the effects of compressibility. Research on long bubbles also increased with the 
development of turbo-machinery, where thin blades are used, and with the growth of low-Reynolds-
number aviation. The major characteristic of long LE bubbles is the generation of a large 
recirculation region with high backflow velocity. With long bubbles, separation occurs at the sharp 
LE. Laminar to turbulent transition occurs at the upstream end of the bubble. An investigation of 
laminar separation bubbles on flat plates performed at Re = 2.13 ⋅105  (Crompton and Barret, 2000) 
shows that at least 95% of the shear layer is turbulent. Consequently, reattached flow is more 
energetic from the long bubble type than from the short bubble type, and backflow in the 
recirculation region is significantly faster. The centrifugal force that curves the flow inside the 
bubble is due to a high suction inside the recirculation region. The backflow that decelerates near 
the LE can itself separate due to the high positive pressure gradient, forming a secondary separation 
bubble. Figure 6 shows a schematic diagram of the long LE bubble type drawn by Crompton and 
Barret (2000).  
 
Leeward Pressure Distribution on a Flat Plate 
The stagnation point is theoretically exactly at the LE only at the ideal AoA. Indeed, practically, the 
stagnation point is at the LE for a wide range of AoAs around the ideal AoA. For instance, on a flat 
plate, the ideal AoA occurs when the plate is aligned with the far-field wind direction (AoA=0°). 
However, Crompton and Barret (2000) found that the stagnation point was at the LE for 
−20° < AoA < 20° . They explained this finding by stating that: ‘Although the leading edge appears to 
be sharp, it clearly must have thickness and be somewhat rounded’.  
They also found that the suction peak, which has Cp ≈ −1  and is correlated with the recirculation 
flow, occurs at around 30% of the bubble length. Downstream of the suction peak, the pressure 
increases asymptotically reaching Cp ≈ −0.1 	   at the TE. Reattachment occurs downstream of the 
maximum pressure gradient, when Cp ≈ −0.3 . Increasing the AoA causes the reattachment point to 
move further downstream, and the maximum positive pressure gradient decreases, leading to a 
smoother Cp versus x/c curve. 
 
AOAs > ideal AoA 
At AoAs higher than the ideal AoA, the stagnation point is practically at the LE for all conditions of 
interest and, hence, Cp ≈ 1  at the LE. The LE separation bubble occurs on the leeward side of the 
headsail. The pressure shows a minimum near the LE which is correlated with the suction inside the 
bubble, followed by a positive pressure gradient correlated with the reattachment point. Further 
downstream, a curvature-related suction peak occurs. Therefore, two suction peaks occur: the LE 
suction peak near the LE, and the curvature-related suction peak near maximum sail camber (see 
Figure 4C).  
Too much sail curvature can lead to TE separation. In these circumstances, the mean stream 
velocity and the velocity gradients in the separated region are small and, hence, the pressure 
gradients downstream of the separation are small. Where separation occurs, the pressure recovery is 
interrupted, and the pressure remains almost constant at the so-called ‘base pressure’ up to the TE.  
As the AoA is increased, the LE bubble enlarges and the positive pressure gradient related to the 
reattachment decreases. The TE separation point moves upstream and, consequently, the curvature-
related suction peak decreases. At very high AoAs, the reduction of the positive pressure gradient 
and of the curvature-related suction peak leads to a monotonic pressure recovery from the LE 
suction peak to the base pressure (Figure 4D).  
 
AoA < ideal AoA 
On flexible headsails, when the AoA is lower than the ideal AoA, the LE collapses. Conversely, on 
rigid sails, the sail shape does not change. In this latter case, decreasing the AoA causes a LE 
bubble to occur on the windward side of the sail, and the camber-related suction and pressure peaks 
on the leeward and windward sides respectively to decrease (Figure 4A). 
 
LE Pressures on the Headsail 
In viscous flow, the pressure distribution on the sail section is continuous. However, the pressure 
gradients at the LE can be extremely high. At the stagnation point, Cp = 1 and, as mentioned above, 
the stagnation point is usually at the LE.  
At AoAs higher than the ideal AoA, on the windward side downstream of the stagnation point, Cp 
decreases at high rate. The closer the AoA to the ideal AoA, the more negative the gradient of Cp 
results. For instance, on the windward side of a flat plate, the pressure decreases monotonically up 
to the TE. At AoA = 1° , Cp drops from Cp = 1 to Cp ≈ 0.2  in the first 3% of the chord length, then it 
decreases at low rate until the TE where Cp ≈ −0.2 . At AoA = 5° , Cp drops from Cp = 1 to only 
Cp ≈ 0.65  in the first 3% (Crompton and Barret, 2000). 
On the leeward side, the LE bubble occurs. The LE suction peak can be very close to the LE. The 
closer the AoA to the ideal AoA, the smaller the LE bubble, and the nearer to the LE the suction 
peak occurs.  
As a consequence, at AoAs above the ideal AoA, the Cp is almost discontinuous at the LE, being 
between 0 and 1 on the windward side, and being lower than -4 on the leeward side.  
In the present paper, the distances of the closest pressure taps from the LE and the TE (located at 
roughly 3% and 98% of the chord, respectively) do not allow the LE and the TE pressures to be 
measured on either side. 
As mentioned earlier, the maximum Cp is assumed to be nearly equal to 1, but this can only be the 
case in two-dimensional flow. However, a cross-flow component can occur along a three-
dimensional sail span. However, there must be one point on the sail where all the flow components 
are equal to zero and thus Cp = 1, but it does not have to occur on the LE of all the sail sections, so 
the maximum Cp  on real three-dimensional sails could be 1 or slightly less than 1.  
 
TE Pressures on the Headsail 
At the TE of the headsail, the Cp is typically negative. It should be reiterated that, in inviscid flow, 
at the TE, Cp = 1 for thick airfoils while Cp = 0  for infinitely thin profiles. Negative Cps are related 
to separated flow. 
At high AoAs, when TE separation occurs on the leeward side of the sail, pressure recovery is 
interrupted by the separation process. Therefore, the higher the AoA, the lower the TE pressure. If 
TE separation does not occur, the Cp at the TE is typically in the range 0 < Cp < −0.5 . For instance, 
Figure 7 shows Cp measured on the mid-height section of the model-scale headsail, at 4 different 
AWAs: 16°, 20°, 24° and 28°. 
In Figure 7, the pressure distribution at AWA=20° corresponds to the ideal AoA, and to the flow 
field shown in Figure 4B. Similarly, the pressure distributions at 16°, 24° and 28° can be related to 
the flow field shown in Figures 4A, 4C and 4D respectively.  
 
Windward Pressure Distributions on the Headsail 
Figure 8 shows the windward Cp measured on the mid-height section of the model-scale headsail, 
for 4 different headsail trims and two AWAs. The ideal AoA is achieved by trim ‘J2’ at AWA=16°. 
The AoA increases when the headsail is tightened (from ‘J4’ to ‘J1’) and also when the AWA is 
increased (from 16° to 28°). 
At AoAs greater than the ideal AoA, the stagnation point is on the windward side and the boundary 
layer is attached up to the TE. Cp is almost equal to 1 at the LE, and then decreases suddenly to 
lower values. Downstream, the sail curvature causes the Cp to increase again. Finally, near the TE, 
Cp drops down to negative values in order to match the Cp on the leeward side. Therefore, Cp 
shows a LE suction peak and a curvature related pressure peak.  
Increasing the AoA causes the suction peak to decrease, while the curvature-related pressure peak 
increases. The higher the AoA, the further upstream the pressure peak occurs (e.g. see the curve for 
J1-16°). At high AoAs, the LE suction peak becomes negligible and the pressure decreases 
monotonically up to the TE (e.g. see the curve for J1-28°, where AoA = 28° and the trim is tight).  
On rigid sails, the sail shape does not change when the AoA is lower than the ideal AoA. In these 
circumstances, the stagnation point is on the leeward side and the LE separation bubble occurs on 
the windward side. Near the LE, Cp is almost 1 on the leeward side, while it is lower than 1 on the 
windward side where, downstream, Cp decreases further due to the leading edge bubble. The 
windward suction peak is smoother than the suction peak that occurs on the leeward side at AoA 
larger than the ideal AoA. In fact, the LE bubble is thicker due to the concave shape of the sail and 
thus, it has lower backflow velocity. Downstream, Cp increases both due to reattachment and to sail 
curvature. The lower the AoA, the further downstream the reattachment occurs and, thus, the further 
downstream the positive pressure peak occurs (e.g. compare J3-16° and J4-16°). 
 
Effect of the Mainsail 
The lift generated by the mainsail has 2 consequences on the headsail pressure distribution. Firstly, 
it leads to an AoA increase for the headsail (upwash). In fact, when either the mainsail or the 
headsail is trimmed in, the measured pressure distribution trend on the headsail is similar. Secondly, 
the headsail TE pressure decreases due to the ‘slot effect’ (Gentry, 1971), because the TE is in the 
mainsail suction region. Therefore, if TE separation does not occur, increasing the AWA or 
trimming in the mainsail, causes a lower pressure on the leeward side of the mainsail, which leads 
to a lower headsail TE pressure, and thus to more suction along its entire leeward side. 
 
 
Pressure Distribution on the Mainsail 
 
Pressure Distribution on the Leeward Side of Mast/Mainsail 
When sailing upwind, the optimum mainsail trim varies significantly with the AWA and the full-
scale dynamic pressure. Therefore, all the pressure distributions described in the following can be 
related to realistic trims. 
The mast in front of the mainsail affects the flow on the rear part of the mainsail. The stagnation 
point is located on the mast and its position depends on the AWA and the mainsail trim. Moreover, 
its position depends also on the headsail trim, due to the downwash effect on the mainsail. In fact, 
when the mainsail is trimmed in or the headsail is eased, similar pressure trends occur on the 
mainsail.  
On the leeward side, the flow accelerates around the mast curvature and a suction peak occurs. The 
high curvature of the mast causes the laminar boundary layer to separate. The laminar shear layer 
becomes turbulent and reattaches onto the mainsail surface. A low recirculation flow velocity and a 
low pressure gradient across the bubble are expected. In fact, the backflow is slowed down by the 
step made by the backward face of the mast. In the present paper pressures on the mast are not 
measured. However, Wilkinson (1984) measured pressures on a 2D mast/mainsail section. The 
headsail was not modelled in his experimental setup. The pressure distribution measured by 
Wilkinson is presented in Figure 9, where the roman numerals identify 9 topological regions. 
Wilkinson found that the pressure recovery is interrupted at the separation point. The pressure 
remains constant up to the laminar to turbulent transition in the rear part of the bubble. Downstream 
of the reattachment point, the pressure decreases again due to the sail curvature. In the present 
paper, the first pressure tap on the mainsail is located at around 3% of the chord length, where the 
pressure is already recovering following the laminar to turbulent transition. The pressure 
distributions measured in the present paper are qualitatively in agreement with Wilkinson’s Cp 
trends shown in Figure 9. 
Figure 10 shows Cps measured on the mid-height section of the model-scale mainsail, for 3 trims 
and 2 AWAs. The resulting AoA increases when the mainsail is tightened (from trim ‘M4’ to ‘M1’) 
and the AWA is increased (from 16° to 28°). 
At low AoAs (M4-16°), the LE bubble is short and the pressure recovery is high. Positive values up 
to Cp = 0.5  were measured at the first leeward pressure tap. Downstream, suction due to the mainsail 
curvature occurs, which is significantly lower than the curvature-related suction occurring on the 
headsail. In fact, the curvature of the mainsail is lower than the curvature of the headsail. This 
moderate curvature makes TE separation less likely to occur.  
Increasing the AoA (M1-16° and M1-28°), causes the LE suction peak to increase. The LE bubble 
enlarges and the increasingly negative maximum pressures occur further downstream. The 
curvature-related suction increases with increase in the AoA. 
At very high AoAs (not shown in Figure 10), a monotonic pressure increase occurs. Increasing the 
AoA causes the monotonic pressure increase to occur earlier at the lowest mainsail sections where 
the sail is flatter, and at the highest sections where the curvature-related suction is smoothed due to 
the TE separation, than at the mid-section. In fact, TE separation is more likely to occur on the 
highest sections of the mainsail that are above the top of the headsail, which therefore experience 
less downwash than the other sections.  
As mentioned above, general agreement was found between the present measured pressure 
distributions and the pressure distributions measured by Wilkinson (1984). However, in the present 
paper, TE separation occurred at only very high AoAs, when the Cp showed a monotonic increase. 
Conversely, Wilkinson described a Cp trend where there were 2 suction peaks and a pressure 
plateau at the TE. An analysis of the schematic diagrams in Figure 4 shows that in the 
measurements performed by him, TE separation occurred at lower AoAs than in the present paper. 
It is expected that this is due to the fact that Wilkinson performed two-dimensional experiments, 
while in the present paper a finite-span three-dimensional mainsail was tested, which led to higher 
pressures on the leeward side of the sail (due to span-wise flows), and thus to TE separation at 
higher AoAs.   
 
LE and TE Pressures on the Mast/Mainsail 
On mast/mainsail sections, the stagnation point is on the mast. The cross-flow velocity along the 
mast is expected to be negligible and hence, Cp is expected to be exactly equal to 1. 
The TE pressure is typically closer to zero on the mainsail than on the headsail. In particular, on the 
mainsail, Cp is almost 0 at the TE of the bottom sections, and decreases to slightly negative values 
towards the highest sections. 
 
Windward Pressure Distribution on the Mast/Mainsail 
On the windward side, downstream of the stagnation point on the mast, an attached boundary layer 
develops. The mast curvature causes the flow to accelerate and a suction peak occurs (Figure 9). 
The mast curvature leads to separation. Laminar to turbulent transition occurs in the separated shear 
layer, which helps the shear layer to reattach. Reattachment on the windward side can occur further 
downstream along the chord than reattachment on the leeward side of the sail. The recirculation 
flow has low mean velocity, which leads to a constant pressure along most of the bubble length. 
The Cp increases due to the reattachment. Downstream of reattachment, the pressure can increase 
even further due to the sail curvature, before decreasing at low rate to match the TE pressure. 
At low AoAs, the windward LE bubble can extend to more than 3/4 of the chord length. On the 
bottom sections, the low sail curvature causes the reattachment to occur earlier than on the mid-
sections, where the curvature is higher.  
The LE bubble becomes shorter when the AoA is increased. Both the stagnation point and the 
separation point on the mast move downstream, while reattachment occurs closer to the LE on the 
mainsail. The pressure plateau is at a higher pressure, and the positive pressure gradient increases. 
At high AoAs, the pressure decreases monotonically from the LE to the TE.  
 
 
Full-scale & Model-scale pressure distributions 
No significant differences between the measured full-scale and the model-scale pressure trends 
were found. The pressure variations showed consistent trends but it was not possible to estimate the 
measurement accuracy. 
A range of sail trims were tested in full scale as for the model-scale tests,. Figure 11 shows the Cps 
for the two full-scale (‘FS’) trims and the two model-scale (‘MS’) trims which led to the smallest 
positive and negative pressure difference between the windward and leeward sides of the sail at the 
LE. Hence the results presented herewith were selected from the results obtained on that basis,  In 
particular, 𝐶𝑝!"#$!%&$ − 𝐶𝑝!""#$%& > 0 for the trims ‘M1’ and 𝐶𝑝!"#$!%&$ − 𝐶𝑝!""#$%& < 0 for 
the trims ‘M2’. The FS and MS trims M1 are tighter than the FS and MS trims M2, respectively.  
Figure 11 shows that the full-scale and model-scale Cp trends are in good agreement.  
This was despite the fact that when 𝐶𝑝!"#$!%&$ − 𝐶𝑝!""#$%& < 0, the shape of the flexible sail 
tested in full-scale changed, while the rigid model-scale sail did not, and so such good agreement in 
the results is perhaps somewhat surprising.  
 
 
Conclusions 
The present paper aims to describe the general pressure distributions on upwind sails using 
conventional aerodynamic theory.  The present results can be used to verify the capability of 
numerical simulations of modelling the pressure trends on upwind sails.  
Pressure distributions were measured on a model-scale headsail and mainsail. The measured 
pressure distributions are discussed and related to the flow field for different angles of attack. 
Different pressure trends correlated with the leading edge bubbles on the headsail and mainsail have 
been presented. The observed results are in good agreement with the sparse literature on this 
subject.  
The pressure distributions can be explained in terms of conventional aerodynamic theory for thin 
aerofoils. The flow field around the headsail and the mast/mainsail are significantly different due to 
the presence of the mast and thus their different leading edge shapes. While the headsail has a sharp 
leading edge, the mast/mainsail has a rounded leading edge. However, at angles of attack lower than 
the ideal angle of attack, a leading edge bubble occurs on both the headsail, due to the sharp leading 
edge, and on the mast/mainsail, due to the high curvature of the mast. The two leading edge bubbles 
have different characteristics, and so do the related pressure distributions.  
The upwash on the headsail due to the mainsail, and the downwash on the mainsail due to the 
headsail, lead to lower pressures on the leeward side of the headsail than on the mainsail. The low 
pressure and the high curvature of the headsail can lead to trailing edge separation on any section of 
the headsail. Conversely, trailing edge separation can only occur at the highest sections of the 
mainsail, where the downwash due to the headsail is lower.  
On the windward side of the two sails, the pressure coefficient is generally between 0 and +1 on 
most of the chord length. As an exception, on the mainsail at low angles of attack where the flow is 
separated on both sides, the windward pressures can be significantly negative and the leeward 
pressures can be significantly positive. 
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Figure 1:  Wind velocity triangle for a yacht sailing upwind. 
 
Figure 2:  A photograph of the wind tunnel test setup at the Yacht Research Unit, looking 
upstream. 
flutes. Pressures were carried along the sail in the core-flutes to the
sail foot. Pressure tubes carried the pressure from the sail foot to
the transducers, which were placed in the cockpit. The sails were
perforated along 5 horizontal sections. On the 5 mainsail sections,
9, 11, 13 and 14 holes were used on the top to the bottom sections,
respectively. On the 4 headsail sections, 7, 8, 11 and 15 holes were
used on the top to the bottom sections, respectively. To measure
the leeward side of the sail, tape was used to close the holes on
the windward side, and vice versa. In order to correctly model
the leading edge flow field, the sails were chamfered at about
20! on the windward side to produce a sharp leading edge. Addi-
tional details of the sail construction can be found in Fluck et al. [3].
The sails were fixed onto a model-scale yacht with a rigid mast,
and were tested in the YRU Wind Tunnel (Fig. 2). The wind tunnel
is an open jet with a test section 7 m wide and 3.5 m high.
Four different mainsail and headsail trims, four AWAs (16!, 20!,
24! and 28!), several heel angles (from 0! to 20!), and several
twists of the onset flow were tested. The results presented and dis-
cussed in the paper are restricted to those measured in upright
sailing conditions and with no twist in the onset flow.
The reference static pressure p1 was provided by the static tap
of a Pitot-static tube, which was located approximately at the same
height as the top of the mast and 6 h upstream of the model (where
h = 2.3 m is the model height). The difference between the total
pressure tap and the static tap of the same Pitot-static tube was
used to measure the reference dynamic pressure q1 = 32.5 Pa.
The Reynolds number Re based on the average chord length
c = 0.49 m was Re = 2.3 ! 105. The pressure measurement accuracy
was estimated to be about ±0.5 Pa.
The same pressure system was used to measure the pressure
distributions on full-scale sails. Pressures from 30 to 33 pressure
taps on the mainsail and headsail, respectively, of a Sparkman &
Stephens 24-foot yacht (SS24) were measured. Several sail trims
and apparent wind angles were tested. The reference static pres-
sure p1 was measured inside the yacht cabin. The dynamic pres-
sure q1 was measured with Pitot-static tubes fixed onto a pole
attached to the stern of the yacht. More details can be found in
[9]. Subsequent analysis showed that the dynamic pressure mea-
sured at this location was about 20% higher than the estimated
far-field dynamic pressure due to the influence of the yacht and
sails on the pressure measuring system. In the present paper, the
corrected dynamic pressure has been used. The full-scale Re based
on the mean chord (1.5 m) and the mean apparent wind velocity
(6 m/s) was Re = 6.1 ! 105. Fig. 3 shows a schematic drawing of
the AC33 and the SS24 sailplans.
Both in the wind-tunnel tests and in the full-scale test, the pres-
sure distributions showed the same qualitative trends with the
AWA and the trim variations. The measured pressure trends can
be explained in terms of conventional thin airfoil theory and the
aerodynamic properties of separation bubbles. In the following,
the measured pressure distributions on the sail sections are related
to the angle of attack (AoA), which resulted from the sail trims and
the AWAs (see Fig. 1).
3. Pressure distributions on the headsail
3.1. Ideal AoA
The maximum drive force was achieved when the headsail was
trimmed at, or slightly higher than, the ‘ideal’ AoA, i.e. when the lo-
cal flow is tangent to the sail at the leading edge (LE). The stagna-
tion point is then located at the LE, where the pressure coefficient,
defined as Cp = (p " p1)/q1, is Cp = 1.
Fig. 4 shows schematic diagrams of the anticipated streamlines
around horizontal headsail sections trimmed at different AoAs. Cps
plotted against the corresponding non-dimensional chords x/c are
also shown. In particular, Fig. 4B shows the streamlines around
the headsail section trimmed at the ideal AoA.
On cambered sails, at the ideal AoA, an attached boundary layer
grows from the LE on both sides of the sail. The sail curvature leads
to suction and pressure peaks on the leeward and windward sides
respectively, related to the position of maximum camber. At the
trailing edge (TE), Cp is about zero or is slightly negative.
Nomenclature
Angle of attack (AoA) The angle between the sail chord and the
apparent wind direction.
Apparent and true wind The ‘apparent wind’ is the wind experi-
enced by a sailing yacht and results from the vector dif-
ference between the atmospheric boundary layer,
namely the ‘true wind’, and the yacht velocity (Fig. 1).
The change in direction of the apparent wind velocity
with the height is called the ‘twist’.
Apparent wind angle (AWA) The supplementary angle between
the yacht velocity and the apparent wind velocity.
Drive force Aerodynamic force component in the direction of the
yacht velocity.
Headsail and mainsail Sail set forward and behind the mast,
respectively, in a yacht with a single mast.
Slot effect The effect of the gap between the sails on their perfor-
mance.
Upwash and downwash Deflection of the streamlines beyond the
top of a sail, and behind a sail, respectively, due to the
generation of lift. Also used to describe the deflection
of streamlines upstream and downstream of a sail,
respectively, due to the generation of lift.
Upwind and downwind Directions of the yacht with respect to
the true wind. A yacht sails upwind and downwind
when the angle between her velocity and the true wind
is lower and higher than 90! respectively.
Windward and leeward Side of the sail facing the wind and hid-
den from the wind, respectively.
Fig. 1. Wind velocity triangle for a yacht sailing upwind.
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3.2. LE separation bubble
At AoAs higher than the ideal AoA, on the leeward side, the flow
separates due to the sharp LE. Laminar to turbulent transition oc-
curs on the separated shear layer and reattachment occurs. The
resulting closed streamline flow pattern is called a ‘LE separation
bubble’.
There are two types of LE separation bubbles: short bubbles,
which typically occur on rounded-nose conventional airfoils, and
long bubbles, which typically occur on thin airfoils. The first bubble
type affects the performance of airfoils and it is of particular inter-
est in aeronautical applications. Laminar to turbulent transition oc-
curs in the down stream most part of the bubble, and the reverse
flow velocity inside the bubble is typically less than 20% of the
free-stream velocity [4]. Fig. 5 shows a schematic diagram, which
was drawn by Alam and Sandham [1], of the short LE bubble struc-
ture described by Horton [7].
The second LE bubble type became of interest in the 1950s,
when high-speed aircraft adopted thin airfoils to decrease the ef-
fects of compressibility. Research on long bubbles also increased
with the development of turbo-machinery, where thin blades are
used, and with the growth of low-Reynolds-number aviation. The
major characteristic of long LE bubbles is the generation of a large
recirculation region with high backflow velocity. With long
bubbles, separation occurs at the sharp LE. Laminar to turbulent
transition occurs at the upstream end of the bubble. An investiga-
tion of laminar separation bubbles on flat plates performed at
Re = 2.13 ! 105 [2] shows that at least 95% of the shear layer is tur-
bulent. Consequently, reattached flow is more energetic from the
long bubble type than from the short bubble type, and backflow
in the recirculation region is significantly faster. The centrifugal
force that curves the flow inside the bubble is due to a high suction
inside the recirculation region. The backflow that decelerates near
the LE can itself separate due to the high positive pressure gradi-
ent, forming a secondary separation bubble. Fig. 6 shows a sche-
matic diagram of the long LE bubble type drawn by Crompton
and Barret [2].
3.3. Leeward pressure distribution on a flat plate
The stagnation point is theoretically exactly at the LE only at the
ideal AoA. Indeed, practically, the stagnation point is at the LE for a
wide range of AoAs around the ideal AoA. For instance, on a flat
plate, the ideal AoA occurs when the plate is aligned with the
far-field wind direction (AoA = 0!). However, Crompton and Barret
[2] found that the stagnation point was at the LE for
"20! < AoA < 20!. They explained this finding by stating that:
‘Although the leading edge appears to be sharp, it clearly must
have thickness and be somewhat rounded’.
They also found that the suction peak, which has Cp # "1 and is
correlated with the recirculation flow, occurs at around 30% of the
bubble length. Downstream of the suction peak, the pressure in-
creases asymptotically reaching Cp # "0.1 at the TE. Reattachment
occurs downstream of the maximum pressure gradient, when
Cp # "0.3. Increasing the AoA causes the reattachment point to
move further downstream, and the maximum positive pressure
gradient decreases, leading to a smoother Cp versus x/c curve.
3.4. AOAs > ideal AoA
At AoAs higher than the ideal AoA, the stagnation point is prac-
tically at the LE for all conditions of interest and, hence, Cp # 1 at
the LE. The LE separation bubble occurs on the leeward side of
the headsail. The pressure shows a minimum near the LE which
is correlated with the suction inside the bubble, followed by a po-
sitive pressure gradient correlated with the reattachment point.
Further downstream, a curvature-related suction peak occurs.
Fig. 2. A photograph of the wind tunnel test setup at the Yacht Research Unit, looking upstream.
Fig. 3. Layout of the model AC33 and the SS24 sailplans.
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Figure 4:  Schematic diagram of the expected flow fields around a headsail chord at 5 angles of 
attack, and the corresponding Cps. 
3.2. LE separation bubble
At AoAs higher than the ideal AoA, on the leeward side, the flow
separates due to the sharp LE. Laminar to turbulent transition oc-
curs on the separated shear layer and reattachment occurs. The
resulting closed streamline flow pattern is called a ‘LE separation
bubble’.
There are two types of LE separation bubbles: short bubbles,
which typically occur on rounded-nose conventional airfoils, and
long bubbles, which typically occur on thin airfoils. The first bubble
type affects the performance of airfoils and it is of particular inter-
est in aeronautical applications. Laminar to turbulent transition oc-
curs in the down stream most part of the bubble, and the reverse
flow velocity inside the bubble is typically less than 20% of the
free-stream velocity [4]. Fig. 5 shows a schematic diagram, which
was drawn by Alam and Sandham [1], of the short LE bubble struc-
ture described by Horton [7].
The second LE bubble type became of interest in the 1950s,
when high-speed aircraft adopted thin airfoils to decrease the ef-
fects of compressibility. Research on long bubbles also increased
with the development of turbo-machinery, where thin blades are
used, and with the growth of low-Reynolds-number aviation. The
major characteristic of long LE bubbles is the generation of a large
recirculation region with high backflow velocity. With long
bubbles, separation occurs at the sharp LE. Laminar to turbulent
transition occurs at the upstream end of the bubble. An investiga-
tion of laminar separation bubbles on flat plates performed at
Re = 2.13 ! 105 [2] shows that at least 95% of the shear layer is tur-
bulent. Consequently, reattached flow is more energetic from the
long bubble type than from the short bubble type, and backflow
in the recirculation region is significantly faster. The centrifugal
force that curves the flow inside the bubble is due to a high suction
inside the recirculation region. The backflow that decelerates near
the LE can itself separate due to the high positive pressure gradi-
ent, forming a secondary separation bubble. Fig. 6 shows a sche-
matic diagram of the long LE bubble type drawn by Crompton
and Barret [2].
3.3. Leeward pressure distribution on a flat plate
The stagnation point is theoretically exactly at the LE only at the
ideal AoA. Indeed, practically, the stagnation point is at the LE for a
wide range of AoAs around the ideal AoA. For instance, on a flat
plate, the ideal AoA occurs when the plate is aligned with the
far-field wind direction (AoA = 0!). However, Crompton and Barret
[2] found that the stagnation point was at the LE for
"20! < AoA < 20!. They explained this finding by stating that:
‘Although the leading edge appears to be sharp, it clearly must
have thickness and be somewhat rounded’.
They also found that the suction peak, which has Cp # "1 and is
correlated with the recirculation flow, occurs at around 30% of the
bubble length. Downstream of the suction peak, the pressure in-
creases asymptotically reaching Cp # "0.1 at the TE. Reattachment
occurs downstream of the maximum pressure gradient, when
Cp # "0.3. Increasing the AoA causes the reattachment point to
move further downstream, and the maximum positive pressure
gradient decreases, leading to a smoother Cp versus x/c curve.
3.4. AOAs > ideal AoA
At AoAs higher than the ideal AoA, the stagnation point is prac-
tically at the LE for all conditions of interest and, hence, Cp # 1 at
the LE. The LE separation bubble occurs on the leeward side of
the headsail. The pressure shows a minimum near the LE which
is correlated with the suction inside the bubble, followed by a po-
sitive pressure gradient correlated with the reattachment point.
Further downstream, a curvature-related suction peak occurs.
Fig. 2. A photograph of the wind tunnel test setup at the Yacht Research Unit, looking upstream.
Fig. 3. Layout of the model AC33 and the SS24 sailplans.
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Therefore, two suction peaks occur: the LE suction peak near the
LE, and the curvature-related suction peak near maximum sail
camber (see Fig. 4C).
Too much sail curvature can lead to TE separation. In these cir-
cumstances, the mean stream velocity and the velocity gradients in
the separated region are small and, hence, the pressure gradients
downstream of the separation are small. Where separation occurs,
the pressure recovery is interrupted, and the pressure remains al-
most constant at the so-called ‘base pressure’ up to the TE.
As the AoA is increased, the LE bubble enlarges and the positive
pressure gradient related to the reattachment decreases. The TE
separation point moves upstream and, consequently, the curva-
ture-related suction peak decreases. At very high AoAs, the reduc-
tion of the positive pressure gradient and of the curvature-related
suction peak leads to a monotonic pressure recovery from the LE
suction peak to the base pressure (Fig. 4D).
3.5. AoA < ideal AoA
On flexible headsails, when the AoA is lower than the ideal AoA,
the LE collapses. Conversely, on rigid sails, the sail shape does not
change. In this latter case, decreasing the AoA causes a LE bubble to
occur on the windward side of the sail, and the camber-related suc-
tion and pressure peaks on the leeward and windward sides
respectively to decrease (Fig. 4A).
3.6. LE pressures on the headsail
In viscous flow, the pressure distribution on the sail section is
continuous. However, the pressure gradients at the LE can be ex-
tremely high. At the stagnation point, Cp = 1 and, as mentioned
above, the stagnation point is usually at the LE.
At AoAs higher than the ideal AoA, on the windward side down-
stream of the stagnation point, Cp decreases at high rate. The closer
the AoA to the ideal AoA, the more negative the gradient of Cp re-
sults. For instance, on the windward side of a flat plate, the pres-
sure decreases monotonically up to the TE. At AoA = 1!, Cp drops
from Cp = 1 to Cp ! 0.2 in the first 3% of the chord length, then it
decreases at low rate until the TE where Cp ! "0.2. At AoA = 5!,
Cp drops from Cp = 1 to only Cp ! 0.65 in the first 3% [2].
On the leeward side, the LE bubble occurs. The LE suction peak
can be very close to the LE. The closer the AoA to the ideal AoA, the
smaller the LE bubble, and the nearer to the LE the suction peak
occurs.
As a consequence, at AoAs above the ideal AoA, the Cp is almost
discontinuous at the LE, being between 0 and 1 on the windward
side, and being lower than "4 on the leeward side.
In the present paper, the distances of the closest pressure taps
from the LE and the TE (located at roughly 3% and 98% of the chord,
respectively) do not allow the LE and the TE pressures to be mea-
sured on either side.
As mentioned earlier, the maximum Cp is assumed to be nearly
equal to 1, but this can only be the case in two-dimensional flow.
Fig. 4. Schematic diagram of the expected flow fields around a headsail chord at 5
angles of attack, and the corresponding Cps.
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Therefore, two suction peaks occur: the LE suction peak near the
LE, and the curvature-related suction peak near maximum sail
camber (see Fig. 4C).
Too much sail curvature can lead to TE separation. In these cir-
cumstances, the mean stream velocity and the velocity gradients in
the separated region are small and, hence, the pressure gradients
downstream of the separation are small. Where separation occurs,
the pressure recovery is interrupted, and the pressure remains al-
most constant at the so-called ‘base pressure’ up to the TE.
As the AoA is increased, the LE bubble enlarges and the positive
pressure gradient related to the reattachment decreases. The TE
separation point moves upstream and, consequently, the curva-
ture-related suction peak decreases. At very high AoAs, the reduc-
tion of the positive pressure gradient and of the curvature-related
suction peak leads to a monotonic pressure recovery from the LE
suction peak to the base pressure (Fig. 4D).
3.5. AoA < ideal AoA
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occur on the windward side of the sail, and the camber-related suc-
tion and pressure peaks on the leeward and windward sides
respectively to decrease (Fig. 4A).
3.6. LE pressures on the headsail
In viscous flow, the pressure distribution on the sail section is
continuous. Howev r, the pressure gradients at the LE can be ex-
tremely high. At the stagnation point, Cp = 1 and, as mentioned
above, the stagnation point is usually at the LE.
At AoAs higher than the ideal AoA, on the windward side down-
str am of the stagnation point, Cp decreases at high rate. The closer
the AoA to the ideal AoA, the more negative the gradient of Cp re-
sults. For instance, on the windward side of a flat plate, the pres-
sure decreases monotonically up to the TE. At AoA = 1!, Cp drops
from Cp = 1 to Cp ! 0.2 in the first 3% of the chord length, then it
decreases at low rate until the TE where Cp ! "0.2. At AoA = 5!,
Cp drops from Cp = 1 to only Cp ! 0.65 in the first 3% [2].
On the leewar side, the LE bubble ccurs. The LE suction peak
can be very close to the LE. The closer the AoA to the ideal AoA, the
smaller the LE bubble, and the nearer to the LE the suction peak
occurs.
As a consequence, at AoAs above the ideal AoA, the Cp is almost
discontinuous at the LE, being between 0 and 1 on the windward
side, and being lower than "4 on the leeward side.
In the present paper, the distances of the closest pressure taps
from the LE and the TE (located at roughly 3% and 98% of the chord,
respectively) do not allow the LE and the TE pressures to be mea-
sured on either side.
As mentioned earlier, the maximum Cp is assumed to be nearly
equal to 1, but this can only be the case in two-dimensional flow.
Fig. 4. Schematic diagram of the expected flow fields around a headsail chord at 5
angles of attack, and the corresponding Cps.
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Figure 5:  Schematic diagram of the short LE bubble type (Alam and Sandham, 2000). 
 
 
 
Figure 6:  Schematic diagram of the long LE bubble type (Crompton and Barret, 2000). 
Therefore, two suction peaks occur: the LE suction peak near the
LE, and the curvature-related suction peak near maximum sail
camber (see Fig. 4C).
Too much sail curvature can lead to TE separation. In these cir-
cumstances, the mean stream velocity and the velocity gradients in
the separated region are small and, hence, the pressure gradients
downstream of the separation are small. Where separation occurs,
the pressure recovery is interrupted, and the pressure remains al-
most constant at the so-called ‘base pressure’ up to the TE.
As the AoA is increased, the LE bubble enlarges and the positive
pressure gradient related to the reattachment decreases. The TE
separation point moves upstream and, consequently, the curva-
ture-related suction peak decreases. At very high AoAs, the reduc-
tion of the positive pressure gradient and of the curvature-related
suction peak leads to a monotonic pressure recovery from the LE
suction peak to the base pressure (Fig. 4D).
3.5. AoA < ideal AoA
On flexible headsails, when the AoA is lower than the ideal AoA,
the LE collapses. Conversely, on rigid sails, the sail shape does not
change. In this latter case, decreasing the AoA causes a LE bubble to
occur on the windward side of the sail, and the camber-related suc-
tion and pressure peaks on the leeward and windward sides
respectively to decrease (Fig. 4A).
3.6. LE pressures on the headsail
In viscous flow, the pressure distribution on the sail section is
continuous. However, the pressure gradients at the LE can be ex-
tremely high. At the stagnation point, Cp = 1 and, as mentioned
above, the stagnation point is usually at the LE.
At AoAs higher than the ideal AoA, on the windward side down-
stream of the stagnation point, Cp decreases at high rate. The closer
the AoA to the ideal AoA, the more negative the gradient of Cp re-
sults. For instance, on the windward side of a flat plate, the pres-
sure decreases monotonically up to the TE. At AoA = 1!, Cp drops
from Cp = 1 to Cp ! 0.2 in the first 3% of the chord length, then it
decreases at low rate until the TE where Cp ! "0.2. At AoA = 5!,
Cp drops from Cp = 1 to only Cp ! 0.65 in the first 3% [2].
On the leeward side, the LE bubble occurs. The LE suction peak
can be very close to the LE. The closer the AoA to the ideal AoA, the
smaller the LE bubble, and the nearer to the LE the suction peak
occurs.
As a consequence, at AoAs above the ideal AoA, the Cp is almost
discontinuous at the LE, being between 0 and 1 on the windward
side, and being lower than "4 on the leeward side.
In the present paper, the distances of the closest pressure taps
from the LE and the TE (located at roughly 3% and 98% of the chord,
respectively) do not allow the LE and the TE pressures to be mea-
sured on either side.
As mentioned earlier, the maximum Cp is assumed to be nearly
equal to 1, but this can only be the case in two-dimensional flow.
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However, a cross-flow component can occur along a three-dimen-
sional sail span. However, there must be one point on the sail
where all the flow components are equal to zero and thus Cp = 1,
but it does not have to occur on the LE of all the sail sections, so
the maximum Cp on real three-dimensional sails could be 1 or
slightly less than 1.
3.7. TE pressures on the headsail
At the TE of the headsail, the Cp is typically negative. It should
be reiterated that, in inviscid flow, at the TE, Cp = 1 fo ick airfoils
while Cp = 0 for infinitely thin profiles. Negativ Cps are related o
separated flow.
At high AoAs, when TE separation occurs on the leeward side of
the sail, pressure recovery is interrupted by the parati n process.
Therefore, the higher the AoA, the lower the TE pressure. If TE sep-
aration does not occur, the Cp at th TE is typically in the range
0 < Cp < !0.5. For instance, Fig. 7 shows C measured on the mid-
height section of the model-scale headsail, at 4 different AWAs:
16!, 20!, 24! and 28!.
In Fig. 7, the pressure distribution at AWA = 20! correspo s to
the ideal AoA, and to the flow field shown in Fig. 4B. Similarly, the
pressure distributions at 16!, 24! and 28! can be related to the flow
field shown in Fig. 4A, C and D respectively.
3.8. Windward pressure distributions on the headsail
Fig. 8 shows the windward Cp mea ured on the mid-height sec-
tion of the model-scale headsail, for four different headsail trims
and two AWAs. The ideal AoA is achieved by trim ‘J2’ at
AWA = 16!. The AoA increases when the headsail is tightened
(from ‘J4’ to ‘J1’) and also when the AWA is increased (from 16!
to 28!).
At AoAs greater than the ideal AoA, the stagnation point is on
the windward side and the boundary layer is attached up to the
TE. Cp is almost equal to 1 at the LE, and then decreases suddenly
to lower val es. Downstream, the sail curvature causes the Cp to
incr ase again. Finally, near the TE, Cp drops down to negative val-
ues in order to match the Cp on the leeward side. Therefore, Cp
shows a LE suction peak and a curvature related pressure peak.
Increasing the AoA causes the suction peak to decrease, while
the curvature-related pressure peak increases. The higher the
AoA, the further upstream the pressure peak occurs (e.g. see the
curve for J1-16!). At high AoAs, the LE suction peak becomes neg-
ligible and the pressure decreases monotonically up to the TE (e.g.
see the curve for J1-28!, where AoA = 28! and the trim is tight).
On rigid sails, the sail shape does not change when the AoA is
lower than the ideal AoA. In these circumstances, the stagnation
point is on the leeward side and the LE separation bubble occurs
on the windward side. Near the LE, Cp is almost 1 on the leeward
side, while it is lower than 1 on the windward side where, down-
stream, Cp decreases further due to the leading edge bubble. The
windward suction peak is smoother than the suction peak that
occurs on the leeward side at AoA larger than the ideal AoA. In fact,
the LE bubble is thicker due to the concave shape of the sail and
thus, it has lower backflow velocity. Downstream, Cp increases
both due to reattachment and to sail curvature. The lower the
Fig. 6. Schematic diagram of the long LE bubble type [2].
Fig. 7. Leeward and Windward Cps on the model-scale headsail.
Fig. 8. Windward Cp on the model-scale headsail.
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Figure 7:  Leeward and Windward Cps on the model-scale headsail. 
 
 
 
Figure 8:  Windward Cp on the model-scale headsail. 
However, a cross-flow component can occur along a three-dimen-
sional sail span. However, there must be one point on the sail
where all the flow components are equal to zero and thus Cp = 1,
but it does not have to occur on the LE of all the sail sections, so
the maximum Cp on real three-dimensional sails could be 1 or
slightly less than 1.
3.7. TE pressures on the headsail
At the TE of the headsail, the Cp is typically negative. It should
be reiterated that, in inviscid flow, at the TE, Cp = 1 for thick airfoils
while Cp = 0 for infinitely thin profiles. Negative Cps are related to
separated flow.
At high AoAs, when TE separation occurs on the leeward side of
the sail, pressure recovery is interrupted by the separation process.
Therefore, the higher the AoA, the lower the TE pressure. If TE sep-
aration does not occur, the Cp at the TE is typically in the range
0 < Cp < !0.5. For instance, Fig. 7 shows Cp measured on the mid-
height section of the model-scale headsail, at 4 different AWAs:
16!, 20!, 24! and 28!.
In Fig. 7, the pressure distribution at AWA = 20! corresponds to
the ideal AoA, and to the flow field shown in Fig. 4B. Similarly, the
pressure distributions at 16!, 24! and 28! can be related to the flow
field shown in Fig. 4A, C and D respectively.
3.8. Windward pressure distributions on the headsail
Fig. 8 shows the windward Cp measured on the mid-height sec-
tion of the model-scale headsail, for four different headsail trims
and two AWAs. The ideal AoA is achieved by trim ‘J2’ at
AWA = 16!. The AoA increases when the headsail is tightened
(from ‘J4’ to ‘J1’) and also when the AWA is increased (from 16!
to 28!).
At AoAs greater than the ideal AoA, the stagnation point is on
the windward side and the boundary layer is attached up to the
TE. Cp is almost equal to 1 at the LE, and then decreases suddenly
to lower values. Downstream, the sail curvature causes the Cp to
increase again. Finally, near the TE, Cp drops down to negative val-
ues in order to match the Cp on the leeward side. Therefore, Cp
shows a LE suction peak and a curvature related pressure peak.
Increasing the AoA causes the suction peak to decrease, while
the curvature-related pressure peak increases. The higher the
AoA, the further upstream the pressure peak occurs (e.g. see the
curve for J1-16!). At high AoAs, the LE suction peak becomes neg-
ligible and the pressure decreases monotonically up to the TE (e.g.
see the curve for J1-28!, where AoA = 28! and the trim is tight).
On rigid sails, the sail shape does not change when the AoA is
lower than the ideal AoA. In these circumstances, the stagnation
point is on the leeward side and the LE separation bubble occurs
on the windward side. Near the LE, Cp is almost 1 on the leeward
side, while it is lower than 1 on the windward side where, down-
stream, Cp decreases further due to the leading edge bubble. The
windward suction peak is smoother than the suction peak that
occurs on the leeward side at AoA larger than the ideal AoA. In fact,
the LE bubble is thicker due to the concave shape of the sail and
thus, it has lower backflow velocity. Downstream, Cp increases
both due to reattachment and to sail curvature. The lower the
Fig. 6. Schematic diagram of the long LE bubble type [2].
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where all the flow components are equal to zero and thus Cp = 1,
but it does not have to occur on the LE of all the sail sections, so
the maximum Cp on real three-dimensional sails could be 1 or
slightly less than 1.
3.7. TE pressures on the headsail
At the TE of the headsail, the Cp is typically negative. It should
be reiterated that, in inviscid flow, at the TE, Cp = 1 for thick airfoils
while Cp = 0 for infinitely thin profiles. Negative Cps are related to
separated flow.
At high AoAs, when TE separation occurs on the leeward side of
the sail, pressure recovery is interrupted by the separation process.
Therefore, the higher the AoA, the lower the TE pressure. If TE sep-
aration does not occur, the Cp at the TE is typically in the range
0 < Cp < !0.5. For instance, Fig. 7 shows Cp measured on the mid-
height section of the model-scale headsail, at 4 different AWAs:
16!, 20!, 24! and 28!.
In Fig. 7, the pressure distribution at AWA = 20! corresponds to
the ideal AoA, and to the flow field shown in Fig. 4B. Similarly, the
pressure distributions at 16!, 24! and 28! can be related to the flow
field shown in Fig. 4A, C and D respectively.
3.8. Windward pressure distributions on the headsail
Fig. 8 shows the windward Cp measured on the mid-height sec-
tion of the model-scale headsail, for four different headsail trims
and two AWAs. The ideal AoA is achieved by trim ‘J2’ at
AWA = 16!. The AoA increases when the headsail is tightened
(from ‘J4’ to ‘J1’) and also when the AWA is increased (from 16!
to 28!).
At AoAs greater than the ideal AoA, the stagnation point is on
the windward side and the boundary layer is attached up to the
TE. Cp is almost equal to 1 at the LE, and then decreases suddenly
to lower values. Downstream, the sail curvature causes the Cp to
increase again. Finally, near the TE, Cp drops down to negative val-
ues in order to match the Cp on the leeward side. Therefore, Cp
shows a LE suction peak and a curvature related pressure peak.
Increasing the AoA causes the suction peak to decrease, while
the curvature-related pressure peak increases. The higher the
AoA, the further upstream the pressure peak occurs (e.g. see the
curve for J1-16!). At high AoAs, the LE suction peak becomes neg-
ligible and the pressure decreases monotonically up to the TE (e.g.
see the curve for J1-28!, where AoA = 28! and the trim is tight).
On rigid sails, the sail shape does not change when the AoA is
lower than the ideal AoA. In these circumstances, the stagnation
point is on the leeward side and the LE separation bubble occurs
on the windward side. Near the LE, Cp is almost 1 on the leeward
side, while it is lower than 1 on the windward side where, down-
stream, Cp decreases further due to the leading edge bubble. The
windward suction peak is smoother than the suction peak that
occurs on the leeward side at AoA larger than the ideal AoA. In fact,
the LE bubble is thicker due to the concave shape of the sail and
thus, it has lower backflow velocity. Downstream, Cp increases
both due to reattachment and to sail curvature. The lower the
Fig. 6. Schematic diagram of the long LE bubble type [2].
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Figure 9:  Schematic diagram of the flow field and the related Cps around a mast/mainsail 
(Wilkinson, 1984). 
 
Figure 10:  Leeward and Windward Cps measured on the model-scale mainsail. 
AoA, the further downstream the reattachment occurs and, thus,
the further downstream the positive pressure peak occurs (e.g.
compare J3-16! and J4-16!).
3.9. Effect of the mainsail
The lift generated by the mainsail has two consequences on the
headsail pressure distribution. Firstly, it leads to an AoA increase
for the headsail (upwash). In fact, when either the mainsail or
the headsail is trimmed in, the measured pressure distribution
trend on the headsail is similar. Secondly, the headsail TE pressure
decreases due to the ‘slot effect’ [5], because the TE is in the main-
sail suction region. Therefore, if TE separation does not occur,
increasing the AWA or trimming in the mainsail, causes a lower
pressure on the leeward side of the mainsail, which leads to a low-
er headsail TE pressure, and thus to more suction along its entire
leeward side.
4. Pressure distribution on the mainsail
4.1. Pressure distribution on the leeward side of mast/mainsail
When sailing upwind, the optimum mainsail trim varies signif-
icantly with the AWA and the full-scale dynamic pressure. There-
fore, all the pressure distributions described in the following can
be related to realistic trims.
The mast in front of the mainsail affects the flow on the rear
part of the mainsail. The stagnation point is located on the mast
and its position depends on the AWA and the mainsail trim. More-
over, its position depends also on the headsail trim, due to the
downwash effect on the mainsail. In fact, when the mainsail is
trimmed in or the headsail is eased, similar pressure trends occur
on the mainsail.
On the leeward side, the flow accelerates around the mast cur-
vature and a suction peak occurs. The high curvature of the mast
causes the laminar boundary layer to separate. The laminar shear
layer becomes turbulent and reattaches onto the mainsail surface.
A low recirculation flow velocity and a low pressure gradient
across the bubble are expected. In fact, the backflow is slowed
down by the step made by the backward face of the mast. In the
present paper pressures on the mast are not measured. However,
Wilkinson [11] measured pressures on a 2D mast/mainsail section.
The headsail was not modelled in his experimental setup. The pres-
sure distribution measured by Wilkinson is presented in Fig. 9,
where the roman numerals identify nine topological regions. Wil-
kinson found that the pressure recovery is interrupted at the sep-
aration point. The pressure remains constant up to the laminar to
turbulent transition in the rear part of the bubble. Downstream
of the reattachment point, the pressure decreases again due to
the sail curvature. In the present paper, the first pressure tap on
the mainsail is located at around 3% of the chord length, where
the pressure is already recovering following the laminar to turbu-
lent transition. The pressure distributions measured in the present
paper are qualitatively in agreement with Wilkinson’s Cp trends
shown in Fig. 9.
Fig. 10 shows Cps measured on the mid-height section of the
model-scale mainsail, for 3 trims and 2 AWAs. The resulting AoA
increases when the mainsail is tightened (from trim ‘M4’ to ‘M1’)
and the AWA is increased (from 16! to 28!).
At low AoAs (M4-16!), the LE bubble is short and the pressure
recovery is high. Positive values up to Cp = 0.5 were measured
at the first leeward pressure tap. Downstream, suction due to
the mainsail curvature occurs, which is significantly lower than
the curvature-related suction occurring on the headsail. In fact,
Fig. 9. Schematic diagram of the flow field and the related Cps around a mast/mainsail [11].
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the curvature of the mainsail is lower than the curvature of the
headsail. This moderate curvature makes TE separation less likely
to occur.
Increasing the AoA (M1-16! and M1-28!), causes the LE suction
peak to increase. The LE bubble enlarges and the increasingly neg-
ative maximum pressures occur further downstream. The curva-
ture-related suction increases with increase in the AoA.
At very high AoAs (not shown in Fig. 10), a monotonic pressure
increase occurs. Increasing the AoA causes the monotonic pressure
increase to occur earlier at the lowest mainsail sections where the
sail is flatter, and at the highest sections where the curvature-re-
lated suction is smoothed due to the TE separation, than at the
mid-section. In fact, TE separation is more likely to occur on the
highest sections of the mainsail that are above the top of the head-
sail, which therefore experience less downwash than the other
sections.
As mentioned above, general agreement was found between the
present measured pressure distributions and the pressure distribu-
tions measured by Wilkinson [11]. However, in the present paper,
TE separation occurred at only very high AoAs, when the Cp
showed a monotonic increase. Conversely, Wilkinson described a
Cp trend where there were 2 suction peaks and a pressure plateau
at the TE. An analysis of the schematic diagrams in Fig. 4 shows
that in the measurements performed by him, TE separation oc-
curred at lower AoAs than in the present paper. It is expected that
this is due to the fact that Wilkinson performed two-dimensional
experiments, while in the present paper a finite-span three-dimen-
sional mainsail was tested, which led to higher pressures on the
leeward side of the sail (due to span-wise flows), and thus to TE
separation at higher AoAs.
4.2. LE and TE pressures on the mast/mainsail
On mast/mainsail sections, the stagnation point is on the mast.
The cross-flow velocity along the mast is expected to be negligible
and hence, Cp is expected to be exactly equal to 1.
The TE pressure is typically closer to zero on the mainsail than
on the headsail. In particular, on the mainsail, Cp is almost 0 at the
TE of the bottom sections, and decreases to slightly negative values
towards the highest sections.
4.3. Windward pressure distribution on the mast/mainsail
On the windward side, downstream of the stagnation point on
the mast, an attached boundary layer develops. The mast curva-
ture causes the flow to accelerate and a suction peak occurs
(Fig. 9). The mast curvature leads to separation. Laminar to turbu-
lent transition occurs in the separated shear layer, which helps
the shear layer to reattach. Reattachment on the windward side
can occur further downstream along the chord than reattachment
on the leeward side of the sail. The recirculation flow has low
mean velocity, which leads to a constant pressure along most of
the bubble length. The Cp increases due to the reattachment.
Downstream of reattachment, the pressure can increase even fur-
ther due to the sail curvature, before decreasing at low rate to
match the TE pressure.
At low AoAs, the windward LE bubble can extend to more than
3/4 of the chord length. On the bottom sections, the low sail curva-
ture causes the reattachment to occur earlier than on the mid-sec-
tions, where the curvature is higher.
The LE bubble becomes shorter when the AoA is increased. Both
the stagnation point and the separation point on the mast move
downstream, while reattachment occurs closer to the LE on the
mainsail. The pressure plateau is at a higher pressure, and the po-
sitive pressure gradient increases. At high AoAs, the pressure de-
creases monotonically from the LE to the TE.
5. Full-scale & model-scale pressure distributions
No significant differences between the measured full-scale and
the model-scale pressure trends were found. The pressure varia-
tions showed consistent trends but it was not possible to estimate
the measurement accuracy.
A range of sail trims were tested in full scale as for the model-
scale tests. Fig. 11 shows the Cps for the two full-scale (‘FS’) trims
and the two model-scale (‘MS’) trims which led to the smallest
positive and negative pressure difference between the windward
and leeward sides of the sail at the LE. Hence the results pre-
sented herewith were selected from the results obtained on that
basis, In particular, Cpwindward ! Cpleeward > 0 for the trims ‘M1’ and
Cpwindward ! Cpleeward < 0 for the trims ‘M2’. The FS and MS trims
M1 are tighter than the FS and MS trims M2, respectively.
Fig. 11 shows that the full-scale and model-scale Cp trends are
in good agreement.
This was despite the fact that when Cpwindward ! Cpleeward < 0, the
shape of the flexible sail tested in full-scale changed, while the ri-
gid model-scale sail did not, and so such good agreement in the
results is perhaps somewhat surprising.
Fig. 10. Leeward and Windward Cps measured on the model-scale mainsail.
Fig. 11. Leeward and windward Cps on the model-scale and full-scale mainsails.
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Figure 11:  Leeward and windward Cps on the model-scale and full-scale mainsails. 
the curvature of the mainsail is lower than the curvature of the
headsail. This moderate curvature makes TE separation less likely
to occur.
Increasing the AoA (M1-16! and M1-28!), causes the LE suction
peak to increase. The LE bubble enlarges and the increasingly neg-
ative maximum pressures occur further downstream. The curva-
ture-related suction increases with increase in the AoA.
At very high AoAs (not shown in Fig. 10), a monotonic pressure
increase occurs. Increasing the AoA causes the monotonic pressure
increase to occur earlier at the lowest mainsail sections where the
sail is flatter, and at the highest sections where the curvature-re-
lated suction is smoothed due to the TE separation, than at the
mid-section. In fact, TE separation is more likely to occur on the
highest sections of the mainsail that are above the top of the head-
sail, which therefore experience less downwash than the other
sections.
As mentioned above, general agreement was found between the
present measured pressure distributions and the pressure distribu-
tions measured by Wilkinson [11]. However, in the present paper,
TE separation occurred at only very high AoAs, when the Cp
showed a monotonic increase. Conversely, Wilkinson described a
Cp trend where there were 2 suction peaks and a pressure plateau
at the TE. An analysis of the schematic diagrams in Fig. 4 shows
that in the measurements performed by him, TE separation oc-
curred at lower AoAs than in the present paper. It is expected that
this is due to the fact that Wilkinson performed two-dimensional
experiments, while in the present paper a finite-span three-dimen-
sional mainsail was tested, which led to higher pressures on the
leeward side of the sail (due to span-wise flows), and thus to TE
separation at higher AoAs.
4.2. LE and TE pressures on the mast/mainsail
On mast/mainsail sections, the stagnation point is on the mast.
The cross-flow velocity along the mast is expected to be negligible
and hence, Cp is expected to be exactly equal to 1.
The TE pressure is typically closer to zero on the mainsail than
on the headsail. In particular, on the mainsail, Cp is almost 0 at the
TE of the bottom sections, and decreases to slightly negative values
towards the highest sections.
4.3. Windward pressure distribution on the mast/mainsail
On the windward side, downstream of the stagnation point on
the mast, an attached boundary layer develops. The mast curva-
ture causes the flow to accelerate and a suction peak occurs
(Fig. 9). The mast curvature leads to separation. Laminar to turbu-
lent transition occurs in the separated shear layer, which helps
the shear layer to reattach. Reattachment on the windward side
can occur further downstream along the chord than reattachment
on the leeward side of the sail. The recirculation flow has low
mean velocity, which leads to a constant pressure along most of
the bubble length. The Cp increases due to the reattachment.
Downstream of reattachment, the pressure can increase even fur-
ther due to the sail curvature, before decreasing at low rate to
match the TE pressure.
At low AoAs, the windward LE bubble can extend to more than
3/4 of the chord length. On the bottom sections, the low sail curva-
ture causes the reattachment to occur earlier than on the mid-sec-
tions, where the curvature is higher.
The LE bubble becomes shorter when the AoA is increased. Both
the stagnation point and the separation point on the mast move
downstream, while reattachment occurs closer to the LE on the
mainsail. The pressure plateau is at a higher pressure, and the po-
sitive pressure gradient increases. At high AoAs, the pressure de-
creases monotonically from the LE to the TE.
5. Full-scale & model-scale pressure distributions
No significant differences between the measured full-scale and
the model-scale pressure trends were found. The pressure varia-
tions showed consistent trends but it was not possible to estimate
the measurement accuracy.
A range of sail trims were tested in full scale as for the model-
scale tests. Fig. 11 shows the Cps for the two full-scale (‘FS’) trims
and the two model-scale (‘MS’) trims which led to the smallest
positive and negative pressure difference between the windward
and leeward sides of the sail at the LE. Hence the results pre-
sented herewith were selected from the results obtained on that
basis, In particular, Cpwindward ! Cpleeward > 0 for the trims ‘M1’ and
Cpwindward ! Cpleeward < 0 for the trims ‘M2’. The FS and MS trims
M1 are tighter than the FS and MS trims M2, respectively.
Fig. 11 shows that the full-scale and model-scale Cp trends are
in good agreement.
This was despite the fact that when Cpwindward ! Cpleeward < 0, the
shape of the flexible sail tested in full-scale changed, while the ri-
gid model-scale sail did not, and so such good agreement in the
results is perhaps somewhat surprising.
Fig. 10. Leeward and Windward Cps measured on the model-scale mainsail.
Fig. 11. Leeward and windward Cps on the model-scale and full-scale mainsails.
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